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Abstract

This article provides a coarse-grained review on the experimental tests
of fundamental discrete symmetries, focusing on those which appear to be
deeply ingrained in Nature, or at least rooted into the description of it which
we are currently capable of providing, namely those related to space-time
inversions and particle/anti-particle exchange. A broad selection of tests is
discussed, not in the (vain) pursuit of completeness, but rather with the aim
of providing an overview of the variety of approaches, and of the underlying
common principles.
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1 Setting the scene

As far as I see, all a priori statements have their origin in symmetry.
H. Weyl

Symmetry has since long arisen as one of the most central and fruitful concepts
in physics, and as such it now holds central roles in many experimental endeavors
and theoretical speculations. It is thus mandatory to clearly state the scope of this
review, and the context in which the author hopes it might have some value.

The word “tests” in the title indicates that the focus is on experimental inves-
tigations, although there is no point in trying to ignore the fruitful cross-breeding
with theoretical speculations, which is briefly mentioned where needed, directing
the interested reader to more detailed discussions. While “discrete symmetries”
already restricts the scope significantly, some topics which would legitimately
belong to such category are not addressed, such as those related to exchange sym-
metry and the fundamental spin-statistics connection, or some which so far only



belong to the field of theoretical speculations, such as the breaking of (continuous)
gauge symmetries down to discrete groups. The focus is on the symmetries related
to space-time inversions (P, T') and charge conjugation (C), and their relevant com-
binations. Despite such restriction, no attempt to be complete was made: the field
is so vast that many reviews and books exist on each individual sub-topic, and
reference will be made to some of those where appropriate. Moreover, while re-
cent results are mentioned as much as possible, in a fast-pacing field these quickly
grow old, and the emphasis is not on the latest figures, but rather on concepts and
approaches, since constantly updated information can be found elsewhere [1]].

As for all authors who have made the effort to summarize what they know into
a book, similarities to the material and approach in [2] will have to be excused,
and the reader is directed there for a discussion of general and background issues.

Global discrete symmetries appear to have a less “sacred” role in Nature than
continuous ones, both those related to space-time, through the Poincaré group, and
those involving internal degrees of freedom, such as gauge symmetries, through
Lie groups. Indeed, many discrete symmetries appear to be violated in some pro-
cesses, although in a sufficiently limited way (since the most relevant interactions
appear to respect them) to allow their very definition and recognition.

The outline of the work is as follows: symmetries are discussed in order of
increasing validity, which also matches the time order in which their violations
were discovered, starting from parity and charge conjugation in sections [2] and 3]
continuing with CP and time reversal in sections 4 and [5 and reaching in section
[0l CPT, the only one whose validity is so far undisputed. Section[7]briefly touches
on the cosmological relevance of the above symmetries, and some conclusions are
presented in section [§]

2 Parity

Parity (P) is maximally violated by weak interactions [3]], and the Standard Model
of particle physics (SM) was built upon such fact. For this reason, current studies
focus on testing the nature and amount of P violation, with the aim of identifying
possible symmetry-violating contributions beyond the SM, possibly in strong or
electro-magnetic interactions.

Several systems can be investigated to probe for anomalous P-violating in-
teractions, such as the recently detected coherent elastic scattering of low-energy
(tens of MeV) neutrinos on nuclei at small momentum transfer [4], or the scatter-
ing of low-energy polarized electrons with momentum transfers from few tens of
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MeV to a few GeV [3]; these processes are sensitive to the presence of new light
mediators beyond the SM, and so far experiments do not provide indications for
the existence of such particles. As an example of very low energy experimental
tests, we briefly discuss atomic P violation in the following.

2.1 Parity violation in atoms

Experiments on atomic parity non-conservation [6] search for differences with
respect to the known P-violating interference of weak and electromagnetic inter-
actions, to challenge the SM. P violation in electromagnetic transitions between
atomic levels with the same nominal parity (actually states of mixed parity due to
some P-violating interaction) is probed by detecting the dependence of the am-
plitudes on the orientation of an external field. The effects due to the short-range
weak interaction grow with the electron probability density in the nucleus and
their velocity, both of which are proportional to the atomic number Z, and for this
reason heavy atoms are used. The comparison to SM predictions is limited by the
accuracy of the atomic calculations, which have a somewhat larger variance than
the 0.35% precision of the best experiment performed on cesium at Boulder [7];
despite such theoretical uncertainties, current results appear to be compatible with
the SM.

Other heavy atoms (francium, ytterbium, dysprosium, rubidium) have been
probed or proposed for future experiments, either because of enhancements re-
sulting in effects of larger magnitude, or because of more reliable theoretical cal-
culations. The comparison of the P-violating effect in different isotopes, which
share the same electronic structure, has been proposed to partially circumvent
the uncertainties in the theoretical calculations, and is actively pursued by exper-
iments; the variation of P-violating effects in different isotopes (~ 1%/neutron)
was recently measured in ytterbium [8].

P-violating effects in nuclei can give rise to P-odd (anapole) moments [9],
which can be probed through their effect on electron scattering or the energy
shifts of the low-lying electronic levels penetrating the nucleus (again growing
with Z). Nuclear anapole moments can be induced by weak interaction effects
in nucleon interactions, and as such represent a good probe for hadronic inter-
actions mediated by the Z°, since the flavour-conserving nature of weak neutral
currents makes these difficult to detect against the much stronger electromagnetic
and strong interactions in other systems. Again, comparisons to SM predictions
are challenging, due to the usual difficulty in evaluating how strong interactions
alter the weak effects in hadrons. The identification of anapole moment induced



effects (usually a few percent of the whole P-violating effect) is based on their
spin-dependence: while generally small, such effects can dominate over those due
to Z° exchange in heavy atoms (see e.g. [10]). An anapole moment was detected
by exploiting the comparison of the parity mixing for two different hyperfine tran-
sitions in cesium [/]: by careful comparison of the transition rates under several
different reversals of experimental quantities, at different rates, systematic effects
could be kept under control and a O(10~%) modulation detected, corresponding to
a 7 standard deviation effect.

Experimental activity on P-violating effects in atoms is pursued at several lab-
oratories worldwide on systems also including single atomic and molecular ions
(see [6] for an extensive list of references).

2.2 Parity and strong interactions

While parity is verified to hold at high accuracy in strong interactions (see section
[5.4), the possibility was considered that in dense and highly excited states, such as
those obtained in relativistic ion collisions, local regions are formed in which P is
temporarily violated (see [11] and references therein). This effect might result in
preferential same-charge particle emission along the system angular momentum
in non-central collisions. Such asymmetries would average to zero over larger
space-time regions; on the other hand, they cannot be observed on single events,
due to the statistical fluctuations in the number of particles. The study of three-
particle correlations in phase space is considered to be a good probe for the above
effects, which provided possible hints of their existence [12] [13] (see however
[L4]).

It should also be mentioned that the theoretical description of weak interac-
tions of hadrons, for which strong interactions play a dominant r6le, presents some
puzzles which require precision studies of parity-violating hadronic interactions
in order to be fully clarified [15]].

Most importantly, apart from weak interactions, another part of the SM La-
grangian allows for P violation, namely a term involving the dual field tensor of
QCD:

Lep = GFﬁVF“V“

where 6 is a free parameter. This term violates P and CP, and since in QFT
anything which is not forbidden is mandatory (through quantum corrections), it
is indeed expected to be present. Current experiments (the limits on the electric
dipole moment of the neutron, see section limit the magnitude of the effec-
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tive parameter to |§] < 107'°, posing a serious fine-tuning issue, the so-called
“strong CP problem” (see e.g. [16]). Possible solutions involve one of the quarks
being massles{] (now excluded by lattice QCD determinations), or the existence
of a new pseudo-scalar particle (the axion), so far undetected but very actively
searched for, also due to its possible role as a dark matter candidate.

It has been remarked that a sufficiently strongly interacting dark matter axion
would induce small O(10~* e cm) electric dipole moments in nuclei (see section
5.4), oscillating at a definite frequency (~ kHz to MHz) related to the axion mass
[17]]; these would cause tiny O(10~>° eV) shifts in atomic energy levels, which
might become detectable in the future.

3 Charge Conjugation

The concept of a fundamental charge-conjugation (C) symmetry has its roots in
special relativity, and required a long time to emerge, because the world we live
in is (accidentally?) highly C-asymmetric.

The violation of charge conjugation symmetry by weak interactions is strictly
linked to its parity violation [18]], and as such built in the SM. Again, tests of C
symmetry focus on strong and electromagnetic interactions, using neutral systems
which are C eigenstates, such as the mesons 7°, 1,77, w, J /.

Decays dominated by strong interactions, such as n — 3w, were tested for
the presence of C-violating terms, with null limits at O(1072) precision from the
KLOE experiment [19]. For electromagnetic decays, the best limit is BR(7" —
3y) < 3.1-1078 (at 90% confidence level), obtained by the Crystal Box experiment
[20].

Positronium (the e*e™ bound state) is a convenient system for symmetry stud-
ies in electro-magnetic interactions, as it is purely described by QED (although
the relativistic nature of its constituents requires a theoretical approach for which
no analytic solutions are available). Charge conjugation symmetry is verified by
the absence of singlet and triplet state positronium decays into a number of pho-
tons corresponding to the opposite value of the C quantum number [21] [22], the

The effective CP-violating parameter in the Lagrangian gets a contribution from a possible
quark mass phase.



Branching Ratio limits being

BR('Sy — 3y) <2.8-107° (68% CL)
BR(S| — 4y) <3.7-10° (90% CL)
BR('Sy — 5y) <2.7-1077 (90% CL)

The above limits are expected to be further improved by the J-PET experiment
(23]

4 CP

CP is the basic symmetry of weak interactions as they are built in the SM, and
as such its violation is not present “by design”. Actually, CP is the “natural”
symmetry of the gauge sector of the SM Lagrangian [24] and, as perceived by
Landau [23]], the one leading to the proper definition of anti-particles. Its violation
is discussed at length in many reviews and several books [26]] [27] [28] [2].

The group-theoretical investigation of CP symmetry led to the realization that
it corresponds in general to a transformation mapping the representations of all
symmetries into their complex conjugates [29]]; such property singles out CP
among discrete transformations, and implies that it cannot be broken maximally
(as P and C are in the SM, e.g. due to the complete absence of right-handed
neutrinos), since the reality of the action requires that if a complex representation
appears, its complex conjugate must too. Moreover, an intriguing observation is
that some discrete symmetry groups (which might be subgroups of continuous
ones appearing in some models beyond the SM) are incompatible with CP sym-
metry, thus enforcing specific values for the CP-violating phases (‘“geometrical
CP violation”).

The (tiny) Nobel prize-worthy violation of CP symmetry, discovered in 1964
through the two-pion decay of the long-lived neutral kaon [30], spoiled the attempt
[25] of interpreting the handedness of space (indicated by P violation) as a mere
property of charge. The story of CP is an intriguing one, as for more than 35
years such symmetry only appeared to be violated by neutral K mesons, and in a
rather peculiar way. For such reason, even after it was realized that CP violation
could be accommodated in the weak sector of the SM in presence of at least three
quark generations [31]], confirmation of such mechanism was slow to come, and
alternative explanations flourished (both ad hoc, such as the super-weak ansatz
[32], and generic, e.g. those involving additional Higgs multiplets).
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After many years, CP violation was eventually confirmed [33] to arise (at least
dominantly) from the above mechanism, related to non-trivial flavour mixing by
weak interactions. The presence of a single uneliminable complex phase € in
the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix can induce CP violation
in the SM. A value of ¢ different from O and 7 results in the unitarity constraints
for the CKM mixing matrix being represented by non-degenerate triangles (the
“unitarity triangles”), whose (identical) area is the unique physical measure of CP
violation in the SM, expressed by the phase-definition-invariant quantity [34]]

J = Im(Viij,V;}V,fj) = sin 6y sin B3 sin 6,3 cos Oy, cos? 6,5 cos B3 sin &

where V;; are the elements of the CKM matrix (i, j, k,/ = 1,2, 3 labeling the quark
generations) and 6;; the mixing angles used to parameterize them. The current
determination of one such triangle is shown in figure [I} it should be remarked
that by using only the constraints from observables which are not related to CP
violation, the existence of such phenomenon is predicted by the fit, showing the
consistency of the data with the SM. The magnitude of CP violation is measured
to be J = (3.18 + 0.15) - 107> [33]].

Since ¢ is a free parameter in the SM, a deeper understanding of CP viola-
tion is currently lacking, and expectations are that physics beyond the SM might
explain its value.

A vast worldwide research program on CP violation has been ongoing for half
a century, at first with the aim of elucidating in which kind of process or interaction
the source of such violation arose, and later to search for further evidence of CP
violation in different systems, with the goal of challenging the SM description.

4.1 The overall picture

So far, manifestations of CP violation appear to be confined to the (weak) flavour
sector, coherently with the CKM mechanism which ascribes it to the single une-
liminable complex phase ¢ in the weak quark mixing matrix. All existing mea-
surements are consistent with this simple picture and provide a coherent deter-
mination of the above phase angle: 6 = (71.0 + 1.6)° [35], which correlates in
principle all CP-violating quantities.

While it is now clear that any new physics is not dominant in the processes
which have been investigated so far, cosmological arguments (see section [/]) in-
dicate that additional sources of CP violation must exist beyond the one in the
SM. The issue is thus which is the flavour structure of such new physics: if this
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Figure 1: The present determination of one of the unitarity triangles from the
measured values of various observables for K and B mesons. Its non-zero area
is an indication of CP violation, while its consistency with the triangular shape
indicates that the validity of the CKM model with three quark generations. From

[36]; see also [37].



is remarkably non-trivial, e.g. similar to that of the SM, something which would
arguably call for some explanation (e.g. related to new symmetries, the “flavour
problem”), this provides the suppression required to evade current experimental
bounds, and the mass of the corresponding new mediator particle(s) might even be
not too large compared to the electro-weak scale. Conversely, with no indication
for the existence of any TeV-scale particles, it is “natural” to expect the observed
suppression being due to the high mass scale of new physics, whose flavour struc-
ture is then allowed to be rather arbitrary, and wildly different from the SM. This
explains why the investigation of CP violation and flavour physics probes very
high mass scales, up to O(100 TeV) and above, unreachable by direct searches at
colliders.

From a fundamental point of view, CP violation is expressed by the presence
of intrinsic complex phases in some terms of the Lagrangian; the adjective “in-
trinsic” is required due to the elusive nature of phases in quantum mechanics (in
which the phase of a single state has no physical meaning), so that only those
which cannot be eliminated by re-definition of the states are a sign of CP viola-
tion. Moreover, complex phases can also be induced by CP-conserving interac-
tions among particles in the initial or final state of a reaction; while such phases
(called Final State Interactions (FSI) phases, or strong phases, in decay processes)
can be large for hadrons or charged particles, interacting through strong or elec-
tromagnetic interactions, they are identical for particles and anti-particles, and as
such do not entail CP violation. Finally, the detection of CP-violating phases
through real observables requires exploiting the interference of different ampli-
tudes, the sub-dominant one being often suppressed by the presence of quantum
loops (“penguin” diagrams), further shadowing some manifestations of CP viola-
tion (see e.g. [2] for a basic discussion). We will not attempt to discuss the many
ways in which CP violation might be included in new physics models, on which
a vast literature exists, except by pointing out that the number of uneliminable
phases is naturally expected to grow with the complexity of the theory (i.e. the
underlying symmetry group for gauge theories).

A violation of CP symmetry would manifest most simply as a difference in
some (space-integrated) property between a particle and its anti-particle, and in-
deed differences in partial decay rates or kinematic distributions have been in-
vestigated for this purpose. The experimental detection of the former require a
precise knowledge of the relative particle/anti-particle fluxes, either from direct
measurement or by exploiting associate production, while the latter can be mea-
sured independently from the normalization. Many signatures of CP violation
exist, and several are discussed in the following.
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CP violation has been investigated in a very large number of systems, using a
variety of experimental approaches, but the only evidence for such phenomenon is
still limited to the meson decays in which it was originally discovered more than
fifty years ago. Specifically, CP violation has been detected so far in the weak
decays of mesons containing quarks from different families (flavoured). No effect
was measured with unflavoured mesons (r, 7,1, . ..): limits for such systems are
given by the branching ratios of CP-forbidden decays such as n(n’) — 2x,4n, at
varying levels of precision [335]].

Tests of CP symmetry have been proposed, discussed, and sometimes per-
formed in many other systems: we mention as an example the study of momentum
asymmetries in high-energy hadron collisions (see e.g. [38]]) investigated at LHC
experiments, with asymmetries measured in top quark pairs and b hadron decays
being consistent with zero and with SM predictions [39].

Before focusing in the following on flavoured mesons, we recall that CP-
violating effects in flavour-independent processes might be induced by strong CP
violation in the SM (section [2.2), which conversely are quantitatively irrelevant
for flavoured hadron decays.

The lightest flavoured mesons with any given quark composition necessarily
decay via flavour-changing weak interactions. Flavoured neutral mesons more-
over exhibit a rich phenomenology, related to their flavour oscillations: two states

|MO), |MO) with opposite flavour quantum number exist, but weak interactions do
not conserve flavour, thus allowing transitions among those.

CP violation can manifest itself in such systems in three different ways, linked
to the presence of uneliminable phases in some process.

A phase between the Hermitian and anti-Hermitian part of the effective Hamil-
tonian describing the meson anti-meson system results in C P violation in the mix-
ing, said to be of “indirect” type. This corresponds to the physical states not being
quite CP eigenstates, and rather containing components with both CP eigenval-
ues, which induce “forbidden” decays, in the same fraction for all decay modes
with the “wrong” CP eigenvalue. Expressing the two physical states af]

—0 —0
M,y = pIM®) + g[M ") M,y = pIM®) — g|M ")
this kind of CP violation is expressed by |p| # |g|.

A phase difference between two concurring decay amplitudes can induce CP
violation in the decay, said to be of “direct” type; for a neutral meson this is a

2CPT symmetry is assumed in this simplified discussion.
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difference between the CP conjugate decay amplitudes for the processes M° — f
and M- — f (f, f being CP-conjugate final states).

The distinction between indirect and direct CP violation is related to the origin
of the symmetry violation originating in the decay process itself or rather in the
(virtual) contributions to the meson oscillations which contribute to the properties
of the physical states.

Finally, a difference between the phase of mixing and that of a decay ampli-
tude results in CP violation in the interference between the processes in which
the neutral meson did or did not oscillate to the opposite flavour eigenstate be-
fore decaying into a final state f accessible to both, i.e. between the processes
M° — fand M° — M - f (“mixing-induced”). While this kind of CP vio-
lation can be considered to be of either type, direct or indirect, any difference in
the CP asymmetry for different decay modes indicates the presence of direct CP
violation.

Besides the measurement of decay asymmetries between neutral mesons of
different (initial) flavour, the study of the decay time distributions, which in the
case of the short-lived (O(ps) lifetimes) B and D mesons is allowed by the use
of high-resolution vertex detectors and Lorentz-boosted particles, allows to sepa-
rately measure CP violation in the decay amplitudes and that related to mixing,
which evolves in time.

Clearly, charged mesons, which cannot have flavour oscillations due to charge
conservation, can only exhibit CP violation in the decay (direct).

4.2 The strange sector

All three types of CP violation described above were observed in neutral kaon
decays, where CP violation was originally discovered.

The large lifetime difference for the two neutral kaon physical states (51 ns
vs. 89 ps) easily allows measurements on the long-lived K to be performed:
indeed such particle was the first - and for a long time only - one exhibiting
CP violation, through its decay into states with opposite CP-parity [30]. Such
per mille effect turned out to be largely dominated by a CP-impurity in the K,
composition (indirect CP violation). The magnitude of the impurity parameter
lel = (2.228 + 0.011) - 1073, related to the flavour components of the physical
states by € = (1 — g/p)/(1 + q/p), is determined from the CP-violating K; — &
decay rates, and its real part is accurately measured by the 3 parts per thousand
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charge asymmetry in K; semi-leptonic decays

_ F(KL — 7T_£+V[) - F(KL — 7T+€_)_/g)
CT(K, - m v + T(K, — 77 6v,)

L

(where ¢ = e, u), which is now measured in the electron mode to 2% precision
(statistically-dominated) with almost 300 million events [40]]. Semi-leptonic de-
cays indeed determine the flavour of a decaying neutral kaon, since K° only de-
cay to 7~ ¢*v, and EO to the CP-conjugate state, to very high precision (O(1073
in the amplitudes, both in the SM and beyond, as experimentally tested); the
above asymmetry therefore probes the CP-asymmetric composition of the physi-
cal states, while it does not get contributions from direct CP violation due to the
absence (or strong suppression) of interfering amplitudes.

The study of neutral kaons can be performed in different ways, depending on
their production mechanism: the kaon flavour at production can be determined
either by exploiting associate production through (flavour-conserving) strong in-
teractions, using the accompanying particles in the event, or by forming a reso-
nant state in an e*e” collider, which largely decays in entangled kaon pairs such

as KOEO, in which a flavour-specific decay of one particle of the pair determines
the flavour of the other one. The former approach was used by the CPLEAR ex-
periment at CERN [41]] (1982-1996) with the exclusive processes pp — K " K°

(K+7T_EO); the latter is the one used by experiments at K (or ¢) factories, such
as KLOE and KLOE-2 at DA®NE in Frascati [42] (2001-2018), which together
accumulated ~ 8 - 10° KgK; pairs (and ~ 1.2 - 10! K* K~ pairs).

The study of neutral K decays into flavour eigenstates or C P eigenstates allows
a diverse set of parameters to be studied; it is worth to note in passing that the
entangled nature of the kaon pairs produced at K factories also allows precision
tests of quantum mechanical correlations.

Three generations of dedicated experiment were required to ascertain whether
CP violation is also present in the actual weak decay process (direct CP violation):
such effect shows up as a difference in the amount of CP violation in different
decay modes, expressed by the parameter €’

AWK, - ) AKL - 7°n°)
 AKs > ) A(Ks — n010)

3€

The non-zero measurement of such parameter by the NA48 and KTeV experi-
ments at CERN and Fermilab [43]]: Re(e’/e) = (16.4 + 1.9) - 10~* eventually
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provided the first confirmation of the CKM mechanism for describing CP viola-
tion in the SM. This effect corresponds to a ~ 5 - 107® asymmetry between the K°

—0
and K decay rates to 7.

The theoretical evaluation of the C P-violating parameters for kaons within the
SM is very hard due to the difficulty of quantifying strong interaction effects for
light hadrons, with a long-standing program of lattice QCD computations provid-
ing steady improvements. Some discrepancies with the most recent SM theoreti-
cal estimates of |e| [44] appear to be related to the determination of CKM matrix
elements; the theoretical precision is still one order of magnitude worse than the
experimental one. A first complete lattice determination of Re(€’/€) [45] also
shows some disagreement with experiment, with the error being three times larger
than the experimental one. Further theoretical progress is required to assess the
significance of such apparent discrepancies, see e.g. [46] for a recent discussion.

The Ky is somewhat less experimentally accessible than the K;, and its decays
are studied either through interference effects in experiments producing flavour
eigenstates, or at K factories, in which coherent KK, pairs provide tagged K.
Limits on the CP-violating amplitude ratios in (neutral, unobserved) three-pion
decays of K are at the level O(1072), almost one order of magnitude larger than
the expected magnitude ~ |e| [47], with a factor 2 reduction expected in the future
by the analysis of the full KLOE-2 sample.

CP violation in charged kaon decays was also investigated, with null results.
K*/K~ decay rate differences were measured with errors at the 1073 level, while
differences of Dalitz plot slopes in the abundant 3-pion decay modes were probed
at the 10~* level, with more than 3 billion events [48]], showing no asymmetries, in
accordance with the rough SM expectations. The current understanding that the
CKM mechanism of the SM is the dominant one inducing CP violation entails the
presence of asymmetries also in charged kaon decays; however, the theoretical
uncertainties in their evaluation, are such that the interest in these was mainly
related to probing the possible presence of large non-SM effects, while model-
independent approaches indicate that the related asymmetries are expected to be
small.

CP symmetry was tested in hyperon decays too, by comparing the angular
asymmetries due to P violation in A, Z~, Q~ decays to those of their anti-particles,
with null results and precisions below 1073 [33]]; comparisons to theoretical pre-
dictions are even harder than for mesons.

It should be mentioned that the current frontier of physics with kaons, namely
the accurate testing of the SM through the search for ultra-rare K decays [49],
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is also relevant for CP violation; in particular the so-far-undetected decay K; —
n%vv is CP violating, and allows a very clean extraction of the CKM phase, al-
lowing a comparison with other determinations and a high sensitivity to non-SM
physics; the predicted branching ratio O(10~!") clearly indicates the experimental
difficulties of such program, which is being vigorously pursued.

4.3 The beauty sector

The measurement of CP asymmetries in the decays of neutral B mesons was the
driving goal for the construction of B factories at SLAC and KEK, which con-
firmed the belief in the CKM mechanism for CP violation, eventually leading to
a second Nobel prize related to CP violation.

The first large CP asymmetry between B® and B’ was measured in the JIWKs
decay mode (branching ratio ~ 9 - 107*) by the BABAR (1999-2008) and Belle
(1999-2010) experiments [S0]. This final state (which is CP-odd if the tiny CP
violation in K° mixing is neglected) is rather special because, while B° only de-

cays to J/¢K° and B to J/yK (and not vice versa), neutral kaon mixing allows

both B and FO to reach J/yY Ky, so that CP violation in the interference of decays
with and without mixing is possible. Moreover, this decay mode is dominated by
a single (tree) quark-level amplitude » — ccs (and its CP conjugate), with the
largest loop contributions sharing the same phase, up to corrections below 1%.
This implies that the value of the corresponding CP asymmetry can be directly
translated into the value of one angle of the unitarity triangle (corresponding to

the B’ — B’ mixing phase). The first measurement was obtained in 2001, and
the above asymmetry is now measured to be different from zero at 35 standard
deviations, with samples of several 10* events both from B-factories and collider
experiments [33]].

The experimental study of B mesons is performed using some of the ap-
proaches described earlier for K: experiments at B factories [51]] such as BABAR
at SLAC and Belle at KEK exploit production of coherent B meson pairs in
(energy-asymmetric) e*e~ colliders working at the T(4S) resonance to tag the neu-
tral meson flavour, while hadron collider experiments such as (pp) CDF (1985-
2011) and DO (1992-2011) at Fermilab [52] and (pp) LHCb at CERN [53] use
statistical approaches based on the identification of the particles produced in the
same event with the B meson. The only approach which is not available to Bs is
the one using physical states, since the lifetimes of the B mesons are too close to
allow their experimental separation at reasonable energies.
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After the existence of CP violation was established in a system different from
the neutral kaon, the focus shifted to the quantitative comparison with SM predic-
tions, which is possible with sufficient precision for some B decay modes (exem-
plified by the J/¥Kg one discussed above), depending on their structure in terms
of quark-level amplitudes. The study of decay modes in which mixing-induced
CP violation asymmetries allow, either singly or in combinations, the clean ex-
traction of parameters of the CKM matrix, ultimately allowed to tightly constrain
the unitarity triangle involving B mesons, showing that it is indeed remarkably
consistent with being a triangle (i.e. no evidence for additional particles), and al-
lowing the determination of its angles [37]], [36], and thus the phase appearing in
the CKM mixing matrix.

Besides the (tree-dominated) b — ccs transitions, also the (tree-dominated)
b — cud (e.g. BO,FO — Dn°) and the (penguin-dominated) b — sss (e.g.
BO,EO — ¢Kjy) transitions exhibit a significant suppression of contributions with
a different phase, thus providing a robust handle to extract the underlying pa-
rameters; the corresponding C P-violating asymmetry terms are measured to 7-10

standard deviations precision. For b — ccd (e.g. BO,EO — D*D7)and b — uud

(e.g. B°, B - nir) transitions, the relative size of the sub-dominant penguin con-
tribution is more relevant, thus introducing larger uncertainties in the extraction
of the relevant parameters from the measured asymmetries, although such uncer-
tainties can be somewhat tamed by using informations from several decay modes
at once.

Similar considerations can be done for BY mesons, mostly studied at hadron
collider experiments: the cleanest b — ccs transition for extraction of information

on the unitarity triangles is probed by the B, E? — J/y¢ decay mode, which was
also measured, although not with a large significance so far.

CP violation in the mixing of neutral B mesons is expected to by small in the
SM, O(1073 = 107%) [54]], as a result of the interplay between the virtual contri-
butions from top quark loops and the large number of available decay channels,
ultimately due to the mass pattern of the mesons. As usual, this kind of CP vi-
olation is measured through charge asymmetries in semi-leptonic decays (which
cannot support direct CP violation), and indeed measurements from the B facto-
ries indicate CP violation in mixing being compatible with zero [55] to the level
of 4 - 107 on the mixing parameter, with data from the DO collider experiment
being at variance and indicating a non-zero result [S6] corresponding to a mixing
parameter Re(e)/(1 + |€]*) = (=1.24 + 0.43) - 1073, somewhat larger (2.8 standard
deviations) than SM expectations (see figure [2).
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Figure 2: Current measurements of the semi-leptonic decay asymmetries for B°
and B° from B factories (B only) and other experiments. The red hatched ellipse
shows the result of the two-dimensional averaging, taking into account the 5%
correlation between the two quantities. The red point close to the origin is the
SM prediction with errors multiplied by 10, which matches the data within 0.5
standard deviations. From [55]].
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CP violation in BY — E(S) mixing was also measured by LHCb to be compatible
with zero at the few per mille level, through the semi-leptonic asymmetries in the
inclusive mode D} u*vX [57].

B factories also observed direct C P violation in B meson decays, initially in the
B’ — n*n~ decay mode [58] through the analysis of the decay-time dependence
of the asymmetry, and later in time-integrated asymmetries for other hadronic de-
cay modes of B, as well as B*. The tree-dominated decays B* — D°K* and

Bt — BOK * can reach the same final states after the D meson decays, and thus in-
terfere exhibiting C P-violation; while in this case the weak phase appears together
with the (strong) re-scattering (FSI) phase, the comparison with the C P-conjugate
modes allows extraction of the former; kinematic analysis of multi-body final
states helps to improve the precision, so that these decays ultimately provide valu-
able information on the unitarity triangles. Direct CP violation was also detected
in BY meson decays to Kr at the LHCb experiment [59].

Analyses of CP-violating contributions in the Dalitz plot distribution of three-
body decays such as B* — n*n*n~ were also performed at B factories and collider
experiments, showing that the ~ 6% integrated asymmetry exhibits kinematic
structures consistent with re-scattering effects [60]; in a similar analysis of B* —
7*K*K~ LHCb measured a large CP-violating amplitude related to the 7*7~ <
K*K~ re-scattering [61]].

Overall, hundreds of decay modes of neutral and charged B mesons have
been probed [35], studying both decay-time-integrated asymmetries and time-
dependent ones, the latter allowing identification of the contributions from dif-
ferent CP violation sources for neutral B mesons; a couple dozen CP-violating
quantities are listed by the PDG as being established with high statistical signif-
icance. To get a ﬂavoulﬂ of the measured asymmetries we mention the one for
B* — fy(1370) n* (branching ratio < 4 - 107%), whose central value is as large as
72%, and the one for B — K*n~, whose measured value 8.3% differs from zero
by more than 20 standard deviations, and is measured with individual samples
approaching 10° events.

So far, all measurements are fully consistent with the origin of CP violation
lying in the single complex phase in the CKM mixing matrix, to which measure-
ments of all three angles of the B unitarity triangle do contribute with different
significance. Further investigations aim at probing such picture at higher preci-
sion, to possibly uncover (sub-dominant) contributions from new physics; these
will be pursued mostly by the LHCb experiment at CERN [62] and the Belle II

3 Apologies.
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experiment now starting at KEK [63]].

4.4 The charm sector

D°, D* mesons, containing a charm quark and a lighter one, are the only two-
family mesons in which the heavier quark is of up-type (no mesons are formed
with the top quark), and as such they exhibit large decay rates within the same
family. The fact that such decays are effectively described by two quark gener-
ations only already hints to the fact that CP violation effects are expected not to
be large. In this respect, long-distance effects dominate: these are not enhanced
by the large top quark mass and are suppressed by the magnitude of CKM ele-
ments, so that predictions for CP violation in charm decays are indeed small (and
somewhat uncertain) within the SM, O(10~3 =+ 10~%), making their investigation
worthy as a probe for new physics, rather than to extract precision information on
the CKM parameters.

Several classes of decays exist, corresponding to elementary amplitudes of
different magnitude, according to the CKM matrix elements involved: ¢ — usd
(“favoured™), such as D° — K~ 7%, ¢ — udd(s5) (“singly Cabibbo suppressed™),
such as D’ — 7777 (K*K"~), and ¢ — uds (“doubly Cabibbo suppressed”), such
as D’ - K*n~.

The flavour oscillations of neutral charmed mesons were only detected in 2007
at B factories, since the mass and width differences of the two physical states
which drive their frequency are only O(1072) relative to their average decay width.
The investigation of CP violation related to such process (either in the mixing
or in the interference of mixing and decay) is performed by studying the non-
exponential rate dependence of the decays, to extract quantities such as the relative

decay asymmetry of D° and D’ into K*K~ states, which is so far measured to be
consistent with zero with an error of order a few 107*. A fit of neutral D meson
decay parameters gives no indication of a CP asymmetry in the composition of
the physical states, at present with an error of several percent.

After a first hint of CP violation in the hadronic decays of neutral charmed
mesons was reported in 2011, the LHCb experiment eventually obtained in 2019

the first evidence for CP violation in the decays of D°, 50 mesons to hadrons [64].
The singly-Cabibbo-suppressed decay modes D° — n*n~(K*K~) were studied, in
which the flavour of the neutral D meson is tagged by the charge of accompanying
particles in its parent decay, namely the pion in D*(2010)* — D%z or the muon in
B — D°uv,X. The experiment measured the difference between the decay-time-
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Figure 3: Measurements of the difference between CP asymmetries to K™K~ and
n*n~ decays in time-ordered data-taking sub-samples, with statistical uncertain-
ties only. The horizontal red-dashed lines show the central values of the nominal
results. From [64].

integrated asymmetries for the two decay modes above, in which the experimental
detection asymmetry (related to the charge-dependent detection efficiencies for
the flavour tagging particles) and the production asymmetry (related to the initial
state charge asymmetry in a pp collider) do cancel.

The result obtained with samples of several 107 decays is

Acp(KYK™) — Acp(ntn) = (=154 +2.9)- 107

which is more than 5 standard deviations from zero and, being a difference be-
tween CP violation in different decay modes, indicates the presence of direct CP
violation (see figure[3). The assessment of the compatibility of this result with the
SM predictions requires further improvements in the theoretical precision.

The decay asymmetries of charmed hyperons were also tested for CP asym-
metries at the percent level, with null results [35].

4.5 Leptons

The evidence for neutrino oscillations opened the way to studies of CP violation
in the leptonic sector, and indeed experiments do not deal with bound states, nor
with transitions among charged leptons, but rather with asymmetries in neutrino
oscillation probabilities.

The Pontecorvo-Maki-Nagakawa-Sakata (PMNS) mixing matrix [65] is the
analogous of the CKM matrix, and thus the presence of three generations of neu-
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trinos, with all masses and mixing angles 6;; known to be different from zero [35],
allows the presence of a single non-trivial CP-violating phase ¢ (arguably un-
related to the one in the CKM matrix, despite the use of the same notation). In
this scenario, just as for quarks, all C P-violating asymmetries are proportional to
the unique rephasing-invariant quantity J expressing the magnitude of symmetry
breaking:

1
J= 3 cos 613 sin 26, sin 26,3 sin 26,3 sin 6 = (0.026 + 0.035) sin 6

One possible difference with respect to the quark case is suggested by the
(so far undisputed) evidence for lepton family number conservation in charged
leptons: neutrinos might be Majorana particles, identical with their anti-particles.
In such case two more C P-violating phases are present (for three neutrinos, while
one would be present even for two neutrinos), although these do not influence the
neutrino mixing probabilities, and as such are only probed by processes such as
neutrinoless double beta decay (A,Z2) — (A, Z +2) + 2¢e".

The decay of pions produced in accelerators and the interaction of cosmic rays
in the atmosphere are sources which can be used in experiments to study neutrinos
and anti-neutrinos.

By comparing two neutrino flavour transition probabilities, several discrete
symmetries can be tested, i.e. CP by comparing v — v’ and v — ¥/, or T (section
5)) by comparing v — v and v/ — v. CPT symmetry (section|[6)) is probed instead
by comparing v — v and ¥' — ¥, and its validity would be expected to enforce
the equality of CP- and T-violating asymmetries.

The tiny cross-sections and long oscillation wavelengths for neutrinos imply
that in experiments these particles usually travel long distances through matter
(including the earth, or the sun in the case of solar neutrinos); this introduces an
environmental CP (and CPT) asymmetry between neutrinos and anti-neutrinos
[66] which in general alters the experimental signatures due to CP and T violation
effects. Disentangling such “matter effects” from genuine CP violation requires
adequate modeling of the interactions (see e.g. [67]) and the use of additional
information, such as the energy dependence of the oscillation probabilities [68].

The study of v, — v, and v, — v, oscillations with muon neutrino (or anti-
neutrino) beams of ~ GeV energy produced at proton accelerators was performed
most recently by the long-baseline experiments T2K in Japan and NovA in the
USA. T2K [69] analyzed an integrated flux corresponding to 2.2 - 10*' Protons
On Target (POT) at a distance of 295 km from production, and NOvA [70] a flux
corresponding to 8.9 - 10%° POT at a distance of 810 km, studying both the ap-
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pearance of v,,v, and the disappearance of v,,V, to extract information on the
CP-violating phase 6. Both experiments report best fit values for 6 which dis-
favour C P-conserving values at the level of 1-2 standard deviations.

The Super-Kamiokande detector used by the T2K experiment has also been
long used to study atmospheric neutrinos (and anti-neutrinos), by measuring the
electron and muon neutrino survival probabilities and the v, < v, oscillations,
mainly through the analysis of the zenith angle distribution which distinguishes
particles which crossed the earth from those who did not. The best fit to the data
corresponding to a mass exposure of 328 kton years also gives a best fit value of
¢ slightly favoring CP violation [71].

Overall, the average [35] of the above experiments gives a value for the CP-
violating phase 6 = (2.74*33%) 7/2, compatibld’| with the maximal CP-violating
case 0 = 3m/2, and disfavoring CP conservation at ~ 2 standard deviations, still
far from solid evidence of CP violation. For the above central value of the phase,
the corresponding magnitude of the J invariant would be close to -0.03, three
orders of magnitude larger than in the case of quarks.

The measurement of the leptonic CP-violating phase is central in the pro-
gram of future envisaged long-baseline neutrino experiment, planned to start data-
taking in the second half of 2020s. Clearly, the precision to which ¢ can be mea-
sured depends on its value, but estimates for the long-baseline DUNE experiment
in the USA [72] (40 kton liquid-argon detector exposed to neutrinos produced by
a 1 MW proton beam 1300 km away) and the Tokai-to-HyperKamiokande ex-
periment in Japan [73] (380 kton water Cerenkov detector exposed to neutrinos
produced by a 1.3 MW proton beam 300 km away) indicate that - for the currently
favoured values of mixing parameters - such phase could be determined with a 3
standard deviation significance for 75% of its possible values, over the 10-20 years
time duration of the experiments.

For what concerns charged leptons, the coefficient of an effective C P-violating
term in their interaction with photons can be constrained by an analysis of the
kinematical polarization-dependent distributions In the case of the e*e™ — 777~
process, by fitting different T decay modes, determining the 7 spin direction from
momenta (assuming massless electrons and neutrinos, and empirically averaging
over unmeasurable kinematic variables), the lowest-order dependence of the cross
section upon the above coefficient allows its extraction. The real part of the co-
efficient which does not depend on the centre of mass energy can be interpreted

“The results actually depend on the currently unknown mass ordering of the neutrino states,
the quoted one being that for the so-called “normal” mass ordering.
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as the T-odd electric dipole moment of the 7 lepton, d;. By analyzing 30 million
events, the Belle collaboration obtained [74]]

—2.2-10"7ecm < Re(d;) <4.5-1077 ecm
-25-10" ecm < Im(d;) < 0.8 - 1077 ecm

(at 95% confidence level), consistent with CP symmetry. This result improves on
earlier limits obtained at the CERN LEP e*e™ collider, running at the centre of
mass energy of the Z° boson, in which contributions from weak interactions were
dominant.

Further insight on the effects of leptonic CP violation can be obtained from
dedicated reviews, e.g. [[75].

5 Time reversal

Due to the peculiar nature of time in physics, the violation of time reversibility
has long been a subject of deep study. The most evident manifestations of such
violation, namely the macroscopic irreversibility (the thermodynamic arrow of
time) and the large-scale evolution of the universe (the cosmological arrow of
time) seem to be related to “boundary” conditions (in a rather wide sense) rather
than to fundamental laws, and the symmetry with respect to microscopic time
reversal has apparently no direct connection to those.

Focusing on microscopic time reversal, it should be mentioned that even the
definition of such operation raises fundamental issues [[76], as for all transforma-
tions which cannot be operationally performed in an active way, and even more so
in this case [77]. Leaving considerations of fundamental nature aside, the ques-
tion of whether known interactions are invariant under the time reversal operation
T has been posed and studied with different approaches (see e.g. [78], [6]).

5.1 Indirect tests

Indirect evidence for the violation of 7" in weak interactions has been known for a
long time, through the phenomenon of CP violation in the mixing of neutral kaons
(section 4.2)). Clearly, by assuming the validity of CPT symmetry, any evidence
of CP violation implies 7" violation, and in this sense the SM (being a quantum
field theory which satisfies the CPT theorem) definitely includes 7 violation. It
is important to note that such an assumption is not required, however: after the
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shock caused by the fall of CP symmetry, physicists became rather cautious with
undue assumptions, and considered the most general form for any interaction.

The (weak-interaction-driven) effective Hamiltonian for K° — EO mixing can be
parameterized in full generality, allowing CP-violating terms which also violate
either 7 or CPT, and the data unambiguously indicates that CPT symmetry is
valid (and therefore T violated) to a very high level of precision (section [6.2)).
To the best of our present knowledge, the magnitudes of CP and T violation are
identical.

As mentioned, a study of T violation with neutrinos might be performed
by comparing oscillation probabilities between neutrino flavours, taking into ac-
count the fact that matter effects introduce effective differences with respect to
CP-violating asymmetries, even if CPT symmetry holds. T-symmetry tests us-
ing electron and muon neutrinos (or anti-neutrinos) are conceivable, but lacking
sources of high-energy electron neutrinos (for which flavour identification is pos-
sible), such tests would require either novel electron neutrino sources (such as
“beta beams” of boosted radioactive ions) [[/9] or the exploitation of the electron
neutrinos obtained by flavour oscillations themselves [[80]], both being ideas for
future projects.

5.2 T-odd tests

Subtleties linked to the fact that time reversal is described by an anti-unitary trans-
formation operator imply that - contrary to the case of P - the measurement of a
non-zero average value for a quantity changing sign under 7T (7-odd) is not con-
clusive evidence for T violation. The reason boils down to the fact that comparing
the properties of a process with those of its time-reversed version is not really pos-
sible in practice when using free quantum particles, as this would require exchang-
ing initial and final states, which have different asymptotic behaviour. What is
usually considered are rather T-odd quantities, which change sign when momenta
and spins are reversed (sometimes called “naive” time reversal), but it should be
kept in mind that 7-conserving interactions can generate non-zero values for such
quantities. Only when independent quantitative information is available on the
magnitude of such interactions, definite conclusions can be reached on T viola-
tion from the measurement of a non-zero 7-odd quantity (i.e. in case it can be
shown that interactions cannot possibly induce an effect as large as the one be-
ing observed). All the results from tests of this type are so far consistent with T
symmetry.
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Scalar 7T-odd quantities studied in particle physics involve at least three in-
dependent momentum or spin vectors combined in a triple product, the simplest
example being S; - p; X p, (the polarization of particle i transverse to the plane
defined by momenta j, k). In practice one can consider the transverse polarization
of particles in (non-collinear, two-body) scattering experiments or, conversely,
the scattering distribution for polarized particles; since scattering experiments are
usually performed with particles interacting mainly through strong or electromag-
netic interactions, this restricts the above tests to such interactions, while at the
same time introducing the possibility of large spurious effects, thus limiting their
potential reach. T tests involving the elastic scattering of electron neutrinos on a
polarized electron target have been proposed [81]: by measuring the angular dis-
tribution of electrons scattered by an intense ~ 1 MeV neutrino radioactive source
decaying by electron capture, such experiments might be sensitive to 7-violating
effects beyond the SM, but significant technical developments are required to re-
alize them.

In (weak) decay processes, the interaction among final state particles is the
main source of possible spurious effects inducing non-zero average values of 7-
odd quantities, although it should be remarked that any on-shell intermediate state
contributing to the decay and generating a phase can generate such an effect, and
this can be relevant in some cases [82]].

In a decay process, the independence of the two momentum vectors in the 7'-
odd product considered above requires a decay involving at least three particles
in the final state. Examples with a long history are the D and R parameters in
beta decay, which parameterize the dependence of the decay rate on J - p, X p,
and o - (J X p,) respectively, J, o being the nuclear and electron spin vectors,
respectively. The experimental measurement of the above quantities requires po-
larized nuclei (or neutrons) and the detection of the neutrino momentum through
that of the recoil nucleus (or proton), or the transverse electron polarization, both
of which are not easy to obtain. While measurements on neutrons are free from
any uncertainties linked to nuclear structure, the long neutron lifetime introduces
different experimental challenges. The magnitude of D (R) induced by CP vi-
olation in the SM is ~ 107'2 (~ 107'#) [83]], and final state interactions induce
effects of magnitude at most ~ 107> (~ 1073). Since D is P-even and R is P-
odd, these parameters are somewhat complementary in probing physics beyond
the SM. Measurements by the emiT-II and nTRV experiments show no evidence
of T violation, with errors of order few 10~* (1072) on D(R), dominated by statis-
tics [84]], [85]. Measurements of the D coeflicient in hyperon decays were also
performed, but the precision is much lower in this case.
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Similar tests search for the 7-odd muon polarization transverse to the decay
plane in semi-leptonic weak decays such as K; — ntu™v and K* — 7u*v. In
these decays not involving nuclei the spurious effects due to FSI are smaller, thus
allowing more significant tests. The limit at which spurious SM FSI start con-
tributing was reached for the K; decay mode, while that of K* (with a single
charged particle in the final state) is still an open subject of investigation: the
known CP violation in the SM induces effects of order 1077 in the transverse
polarization P, and FSI effects can reach 107>, while the present experimental
precision is at the level of few 107>. As precision increases, these experiments
require more careful design to maintain a matching control of the systematic ef-
fects. The most recent null result is from the E246 experiment at KEK [86], with
a statistically-limited error 2.5- 1073 on P7. A proposal was put forward years ago
[87] for a new experiment, requiring an upgraded J-PARC accelerator, to reach
the 10~ level.

A similar test can be performed in y* decay: since neutrinos are not detected,
this requires searching for a 7T-odd polarization of the positron transverse to the
plane defined by the muon spin and the electron momentum, thus requiring polar-
ized muons. The advantage of using a leptonic decay is the smallness of spurious
FSI effects. The best limit was obtained by a PSI experiment [88]] exploiting the
precession of stopped u™ and measuring the polarization of the decay e* through
the angular distribution of the photons resulting from its annihilation on polarized
electrons: the statistically-dominated error is 8.4 - 1073,

Tests are also performed in systems mostly governed by QED, such as ortho-
positronium decay: within the SM, the rate dependence on the 7-odd and P-
odd correlation (S - k;)(S - ky X ky), where S is the positronium spin and k;
the two larger photon momenta, is only due to photon-photon FSI at the level
0(1071%); the measurement is compatible with zero with a statistically-dominated
error ~ 2-1073 [89]]. The quantity S k; X k, is T-odd and P-even (and as such also
CPT-o0dd), and was also measured to be zero with an error ~ 3- 1073 [90]. One of
the main challenges in such experiments is the determination of the positronium
polarization, for which improvements are possible in the future. Possibilities also
include measurements of asymmetries involving the photons’ polarizations, such
as S - k,, the T-odd (and C PT-odd) scalar product of the polarization of the most
energetic photon and the momentum of the second most energetic one [91].

Scalar T-odd quantities can be formed which do not require polarization mea-
surements, and are therefore less experimentally challenging. These involve the
triple product of three independent momenta in a decay involving at least four par-
ticles in the final state; one can consider the radiative version of the decays men-
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tioned above, with smaller rates, thus trading statistics for systematics. Indeed, a
T-odd correlation which was studied is p, - (p, X p,) in K* — 7°*vy (€ = e, 1)
decay [92]]. FSI effects on the relative asymmetries for events with positive or
negative values of the above correlations were estimated to be O( few 107*) [93].
An experimental measurement of such asymmetry was obtained for K~ — n’¢~vy
decay by the ISTRA+ experiment at Protvino [94]: it is consistent with zero with
an error of 2- 1072, Improvements by an order of magnitude can be expected from
higher statistics kaon experiments. An interesting possibility is the comparison
of the above asymmetries for K™ and K~ decays: these are both experimentally
accessible, and systematic differences between the two (which would be a limit
for low-energy polarization measurements) can be controlled in high-energy ex-
periments. Spurious FSI effects cancel in the difference of the T-odd asymmetries
for the two charge modes, which therefore allows a clean test of 7 symmetry.

The asymmetry between positive and negative values of the triple product py.- -
(py+ X p,-) was measured in the decays of D" and D7 to K*Ksn*n~, as well as
D° to K*K~n*n~, four-body decays with sizeable branching ratios (1073 to 1072);
the difference to the corresponding asymmetry for the charge-conjugate decays

of D7, DS‘,BO is a genuine signal of T violation. While the above quantities are
expected to be tiny in the SM [95], they could receive large contributions from
new physics and can be used to search for it. The analysis of samples of some 10*
decays by BABAR resulted in asymmetries in the 1-10% range, whose differences
are compatible with zero to an absolute precision in the 0.5-1% range [96].

A similar T-odd correlation involving only momenta, p, - (p, X p,) in beta
decay was proposed for investigation [97]]; FSI effects are estimated to be of order
10~* (1073) for neutron (nuclear) radiative beta decays.

A non-zero T-odd decay plane asymmetry (13.7 + 1.5) - 1072 was measured
in the rare decay K; — n*n e*e” (branching ratio ~ 3 - 1077), the value being
fully consistent with that induced by (indirect) CP violation in K; — n*x~ decay
(no asymmetry was measured in the decay of the Ky to the same final state, as
expected). This measurement illustrates a general feature of the e*e™ conversion
process, providing experimental access to the polarization of a virtual photon,
thus allowing to probe CP- and T-odd quantities which would average to zero
when integrating over the (unmeasurable) photon polarization. A similar approach
was used in the analysis of the decay K; — e*e"e*e”, where no significant CP
asymmetry was measured [35]. In the non-flavour-changing decay n — n*n~e*e™,
for which the contribution from SM CP violation is entirely negligible O(1071°)
[98]], the measurement is consistent with C P-conservation at the 3- 1072 level [99]).
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T-odd correlations in top-quark pair production and decays ([100] and refer-
ences therein) can be investigated at the LHC: by using the momenta of the decay
particles (or jets), asymmetries which probe CP can be formed, despite the CP
asymmetry of the initial pp state, because the production mechanism is domi-
nated by gluon or ggq processes.

5.3 Direct tests

Strictly speaking, direct tests of time reversal symmetry are ultimately hindered
in the quantum world by the impossibility of reversing asymptotic states in a non-
stationary (e.g. decay) process.

The so-called Kabir asymmetry [101] quantifies the difference between the
rates of two time-reversed processes, namely the transition probabilities between
neutral flavoured mesons M° (i.e. K°, D°, B®), namely:

PM' — M°) - P(M® — M)
T =
P — M) + P(M° — M)

Since the physical states (with definite lifetimes) are linear combinations of M 0 MO
the above asymmetry can be actually measured by tagging the flavour of a meson
at production time and at decay time. This was done for the first time with neutral
kaons by the CPLEAR experiment at CERN [102]. Such experiment exploited the

exclusive reactions pp — K i7T¢KO(EO), to tag the strangeness of the neutral kaon
at the time of production (by strong interactions) by the charge of the accompa-
nying kaon. The strangeness content of the neutral kaon then evolved in time due
to weak-interactions, and it was determined at the time of decay by considering
semi-leptonic decays K° — e*n7v, (EO — e n"v,), through the charge of the
emitted electrorﬂ The measured asymmetry at time ¢ after kaon production

_O _
P(K —etnv:t)— P(K' - e n*v,;1)

P(E0 —etnv,;t)+ P(K° — e ntv,; 1)

was found to be time-independent (as expected in absence of decays violating the
“AS = AQ” rule) with an average value (6.6 + 1.6)- 1072 [102], different from zero

>The opposite charge combination only arises in the SM through second-order weak interac-
tions, thus being suppressed by O(107%).
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at the level of 4 standard deviations. Such asymmetry coincides with the above
Ar.

Clearly, since M° and MO are C P-conjugate states, the Kabir asymmetry can-
not distinguish between CP and T symmetry (i.e. a non-zero Ay violates both, and
conversely if either such symmetry were valid it would force A7 to vanish). Ques-
tions were raised [103]] on the interpretation of A7 as a genuine manifestation of
T violation, because such asymmetry appears to be intrinsically linked to a non-
time-reversible decay process, but it was later shown [[104]] that this is not an issue,
and that indeed the CPLEAR result provided direct evidence for the violation of
time reversal symmetry (without assumptions on CPT symmetry [105]).

The Kabir asymmetry was also measured in quite the same way for neutral
B mesons, using several approaches for initial flavour tagging, and semi-leptonic
decays such as B — D~ u*v (and the corresponding C P-conjugate mode) or the
corresponding one with a D* charged meson in the final state. As mentioned, mea-
surements of such asymmetries are so far consistent with zero. Alternatively, the
same quantity can be obtained by measuring the charge asymmetry for like-sign
di-lepton decays, i.e. (N** — N™7)/(N** + N™7), where N** (N~7) is the number
of events with two positive (negative) leptons in the final state, consistent with

originating from the decay of a B'B’ meson pair. Apart from the measurement of
an asymmetry in like-sign di-lepton decays by the DO experiment [56]], all other
measured asymmetries, from B factories and hadron colliders, are consistent with
T (and CP) symmetry [35]], with errors of order few 1073, both for B° and B°
mesons.

A different approach was proposed [106] to measure at B factories a 7-violating
asymmetry which does not relate C P-conjugate states (i.e. one which would not
be forced to vanish in case CP symmetry would hold). Considering decays to CP

. . =0 .
eigenstates f. (both accessible from B as well as from B ) one can define a pair
of (neutral B meson) states B., with B, being the linear combinations of flavour

eigenstates B", B which can only decay to f,, and not to f- (and vice versa). The
choice f, = J/YyK; and f- = J/¥Kg (which are CP eigenstates if the tiny CP
violation in K° mixing is neglected) is peculiar: first, these states are indeed of the

type described above, accessible from both B® and EO thanks to K° — EO mixing,
despite the fact that (neglecting possible violations of the “AB = AQ” rule) B°

only decays to J/ywK° and EO to J /¢EO (and vice versa). Second, such decays
are almost completely dominated by elementary amplitudes with a single phase
(section |4.3)), and therefore CPT symmetry implies that the corresponding decay
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amplitudes for the flavour eigenstates A(B® — J/yK"), A(E0 - J/ wfo) are equal
in magnitude, which results in B, and B_ being orthogonal states. Now, the initial
B meson pair can be expressed in terms of B, states (which are CP eigenstates if
CP violation in kaon mixing is neglected), and its entangled nature is such that
when one meson is observed to decay to e.g. J/yYKj, the other one is known to
be in the B, state at that same time. In this way, detecting the (later) decay of the
second meson to another state, asymmetries can be formed such as

P(B° - B_) - P(B_ — B")
P(B° - B_) + P(B_ — BY)

and three similar ones, whose non-zero value only violates 7 symmetry.

When sufficient statistics became available, the BABAR experiment performed
the above study [[107], which requires analyzing events according to whether their
flavour-tagging decay occurs before or after the CP-tagging decay of the com-
panion meson. All four 7T-violating time-dependent asymmetries were measured,
obtaining evidence of T violation with a significance corresponding to 14 stan-
dard deviations (figure ). Some CP- and CPT-violating asymmetries were also
extracted, providing independent confirmation for the validity of CPT symmetry
and the fact that the measured 7 violation is fully consistent with what is expected
from CP violation only.

Similar measurements might in principle be obtained for K° at a e*e™ kaon
factory running at the ¢ resonance (e.g. at DA®NE), provided enough luminosity
is available [109], as well as for D° at a factory running at the y(3770), and for Bg
at the Y(5S5).

Note that the above approach cannot provide a 7-violating measurement for
any pair of states: by measuring the decay to a final state f of one meson in
the entangled pair, such meson is filtered to be (at the decay time) in the state
orthogonal to the one which cannot decay to f, and such state is not in general the
only one which can decay to some other final state g, except in some special cases

as those mentioned above (CP-conjugate states B, B or opposite CP eigenstates
with the same flavour content B,, B_). A proposed alternative approach [110]
considers the fact that a connection to experimentally measurable quantities can
be obtained if the survival probability of the state is also measured, requiring an
inclusive decay measurement, or if three decay channels are considered together.

As mentioned, T violation parallels CP violation if CPT symmetry is valid:
referring to the classification of CP violation in weak decays, we recognize that
just as the Kabir asymmetry is evidence for T violation in neutral meson mixing,
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Figure 4: The values of the four 7T-violating asymmetries measured by BABAR,
namely the differences in the two coefficients of the decay-time-dependent rates
S, C (the latter expected to be small in the SM) between T'-transformed processes;
the * superscripts (+: blue, dashed, -: red, solid) indicate whether the decay to the
flavour final state occurs before or after that of the companion meson to the CP fi-
nal state. Ellipses correspond to 1 (one-dimensional) standard deviation intervals,
with systematic uncertainties included. The cross indicates the T symmetry point.
From [108]).
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the above asymmetries exhibit 7" violation in the interference of decays with and
without mixing (7" violation in decays cannot be directly tested, as it would require
the genuine time reversal of a decay process).

5.4 Electric dipole moments

A different class of tests for 7 symmetry violation avoids the above mentioned
difficulties by considering a static process. Static Electric Dipole Moments (EDM)
of (non-degenerate) elementary systems are odd under P and T transformations:
this is in contrast to the usual electric dipole moments of polar molecules, for
which a degeneracy is lifted by the orientation of the molecule in an external
electric field, resulting in an interaction energy quadratic in the field magnitudeﬂ
Loosely speaking, this is because any such elementary EDM should be aligned
with the spin (being the only preferred direction for a non-degenerate system), but
spin and EDM have different transformation properties under P and Tﬂ Since
P violation in weak interactions is well established, EDM searches are usually
considered as tests of 7 symmetry. No spurious FSI effects are present in this
case, since the initial and final states are the same, and a non-zero EDM would
therefore be unambiguous proof of time symmetry violation.

The known CP violation present in weak interactions induces unmeasurably
small (but computable) effects, so that the search for EDMs is a field in which high
precision is pursued. An additional reason for the interest in EDMs is related to
the fact that they would most naturally arise from to non-flavour-changing inter-
actions, such as the anomalous term in the QCD Lagrangian discussed in section
differently from the weak processes in which CP violation is known to exist
in the SM. A large background-free window of opportunity exists for detecting
physics beyond the SM, which might in general contribute with large effects to
EDMs.

Estimates for EDM magnitudes can be expressed as the product of the system
size L times the squared ratio of the Higgs vacuum expectation value v to the mass
scale A associated to new particles, a dynamical factor F involving to coupling

®Note also the analogies with P and T odd quantities appearing in solid-state physics, e.g. in
magneto-electric crystals [[111].

"There are ways of evading this conclusion, if other preferred directions do exist, such as in
the case of Lorentz symmetry violation or non-commutativity of space-time coordinates, but these
are arguably rather dramatic hypotheses.
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constants g and loop factors, and the sine of a CP-violating phase ¢, i.e.
0 \2
d~L(5]) Fsi
N sin ¢

Experimental limits on EDMs thus constrain a combination of mass scale, cou-
pling constant and CP-violating phases.

EDM searches are a mature sub-field with a 70-year long history, several ded-
icated reviews are available [112] [113], and only a summary outlook is possible
here.

Most experiments look for a frequency (energy) shift of magnetic sub-levels
in a spin-polarized neutral system immersed in an electric field: a difference in
such frequency for opposite orientations of the electric field is the indication of
the presence of an EDM; the required frequency resolution can be O(nHz). The
measurements require strong electric fields and well-known magnetic fields; the
errors depend on the number of available particles and the measurement time, but
also on a number of experimental effects, among which the shielding and mea-
surement of magnetic fields are crucial. Furthermore, depending on the system,
the extraction of the EDM from the measurement might require important theo-
retical input.

EDMs have been searched for in many systems, all measurements being so
far consistent with zero. Different systems, besides the diversity in technique
and experimental issues, are sensitive to different elementary EDMs and possible
sources of T violation, and therefore somewhat complementary to each other.

For neutral systems with a non-zero magnetic moment the measurement is
conceptually simple, and indeed the neutron was the first system being probed
[114]. The contribution to the neutron EDM by SM CP violation is predicted to
be O(107*2 e cm) from loop effects, leaving ample ground for experimental tests of
alternative sources of T violation, such as the QCD 6 term (section [2.2)). Current
limits are obtained with Ultra Cold Neutrons (UCNs) which, having kinetic ener-
gies of a few hundred neV (at mK temperatures), can be stored in matter bottles
or by magnetic and gravitational fields for long times. The best limit was obtained
at the ILL of Grenoble: |d,| < 3 - 1072 ¢ cm (at 90% confidence level) [113].
Limitations are generally related to the statistics and the observation time, and to
the spurious magnetic fields, including those induced by the motion of the neu-
trons, which require careful control. Recent progress in the production of UCNs
using superfluid helium, new UCN sources and experimental approaches point to
a possible 1-2 orders of magnitude improvement of the limit.
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The study of spin rotation in polarized neutron diffraction on the intense elec-
tric field in a crystal is a completely different technique which could possibly
provide competitive neutron EDM measurements in the future.

The measurement of EDMs for charged particles usually requires these to be
embedded within a neutral system, such as an atom or a molecule, to avoid them
accelerating away from the observation region; in some cases the local electric
fields in such systems can be much larger (up to 10'?> V/m) than those which
can be produced in the laboratory (O(107 V/m), thus offering a big advantage
for the measurement. While the electrostatic equilibrium of the overall neutral
system would seem to enforce the vanishing of the electric field at the position
of any charged particle (“Schiff theorem”), finite-size and relativistic corrections
alter such conclusion [116]. This allows the measurement of charged particles
EDMs within neutral atoms or molecules to be performed, and introduces a con-
version factor between the measured effect and the elementary EDM, leading in
some cases to large enhancement factors, while on the other hand requiring the-
oretical (molecular, atomic or nuclear) calculations, which contribute additional
uncertainties. Besides elementary EDMs, any hypothetical 7-violating part of the
interaction among the constituent particles can also result in an effective EDM,
similarly to what was discussed for parity in section [2} the possible contribution
due to different sources of 7 violation is taken into account in the most recent
analyses [112].

The electron EDM is predicted to be extremely small in the SM, 0(1073%)
e cm, arising via four-loop quantum effects involving virtual quarks (which do
exhibit CP violation in the SM). Relativistic effects (the contraction of the EDM
for a moving particle) in paramagnetic systems with unpaired electrons (non-zero
spin) result in an effective enhancement of an electron EDM by a factor ~ 10Z3a?
(Z being the atomic number and « the fine structure constant), which is large in
heavy atoms, despite their small atomic polarizability.

The polarization of heavy atoms can be much larger when these are at one
end of a diatomic polar molecules, resulting in much stronger internal fields and
therefore larger effects: the electron cloud is spontaneously polarized along the
intermolecular axis, which can be easily oriented in an electric field, resulting in a
first-order interaction with it. The presence of an intrinsic linear Stark effect in the
molecule requires to probe a resonance related to the nuclear spin; moreover, the
chemical reactivity of the molecules poses some experimental issues not present
with atoms.

Thanks to the above enhancement factors, EDM limits for electrons in heavy
atoms or polar molecules are often strong: the current best limit on the elec-
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tron EDM is |d,| < 1.1 -107% e cm (at 90% confidence level), obtained by the
ACME collaboration [[117] using thorium monoxide (ThO) molecules; the best
limit obtained using thallium atoms is two orders of magnitude larger [118]]. Fu-
ture prospects involve novel trapping and cooling methods to allow longer mea-
surement times for alkali atoms, and the use of cold beams and improved traps for
paramagnetic polar molecules.

Special ferroelectric and paramagnetic solid-state crystals are also considered
as promising systems for electron EDM measurements [[112]].

Diamagnetic systems (zero spin) shield any nuclear EDM, and relativistic ef-
fects are not effective, due to the slow nuclear motion. In this case what inhibits
complete shielding of the external electric field is the finite size of the nucleus;
the so-called nuclear Schiff moment [[116]] is the lowest-order residual effect, re-
lated to a difference between the EDM and charge distributions, which can be
probed by low-lying atomic or molecular electrons. The main contribution to the
Schiff moment would arise from possible P- and T-violating nuclear interactions,
although the EDMs of nucleons can also contribute. Because of the relative size
of the nucleus and the electron cloud, the external electric field is shielded by
large factors in diamagnetic atoms, but again in a diatomic polar molecule the
electron cloud can be strongly polarized by a relatively small external field, can-
celing the shielding and even resulting in an enhancement. Shielding effects also
result in easier experimental conditions (room temperature storage, long coher-
ence times, optical spin polarization). Among the few volatile and polarizable
diamagnetic atoms, '*’Hg provides the most sensitive EDM measurement so far:
ld,| < 7.4-107Y e cm (at 95% confidence level) [119]], also yielding an indirect
limit on the proton EDM: |d,| < 2.1 - 107 e cm [120] (as well as an indirect
limit on |d,| slightly better than the direct measurement). Diamagnetic systems
in which the Schiff moment is particularly enhanced by octupole deformations
(**3Ra, 22!/223Rn) appear promising for future measurements, and experiments are
underway on several systems.

A nuclear Magnetic Quadrupole Moment (MQM), possible for nuclear spin
1 or larger, is also P- and T-violating, and not shielded as an EDM. A value
(1.9 + 8.3) - 1073 ¢ cm? was measured in cesium [121] as a byproduct of an
EDM experiment. A non-zero MQM can lead to permanent EDMs in atoms and
molecules by mixing opposite parity states, and again atomic/molecular calcula-
tions are required to establish the connection.

A different approach for measuring EDMs of charged particles is that of hav-
ing them circulate in a storage ring, and measuring the additional torque on the
particle spin related to a EDM interaction d X E, with the rest-frame electric field
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E being partly due to the motional field yv X B, which can be much larger than
an externally applied field [122]. Similarly to what happens due to the anoma-
lous magnetic moment, the spin of a rotating particle injected with longitudinal
polarization will evolve in time, developing a component transverse to its veloc-
ity, if a non-zero EDM is present in suitably chosen fields. In the case of the
muon, the polarization direction can be determined by its decay asymmetry, and
for nuclei by their spin-dependent elastic scattering. This technique allows direct
measurements on charged systems, with a high number of particles and a large
measurement time (intrinsically limited by the lifetime in the case of the muon);
in most models effects are expected to be larger for heavier particles.

A limit on the muon EDM was obtained as a byproduct of the anomalous
magnetic moment (g-2) measurement at BNL: |d,| < 1.8 - 107"? e cm (at 95%
confidence level) [123]], although the optimal experimental conditions to measure
g-2 are different from those required for an EDM measurement. The presence
of radial magnetic fields allows the g-2 spin precession to mimic an EDM: one
way to avoid this is the use of a suitable electric field to cancel the effect, or
of purely electric confinement; still, spurious magnetic fields could contribute,
and the comparison of counter-propagating beams was proposed to disentangle an
EDM from the magnetic effect.

A limit on the EDM of the A hyperon was similarly obtained as a byproduct
of the magnetic moment measurement at Fermilab, exploiting the spin precession
of polarized A in a magnetic field, as measured by the angular asymmetry of its
hadronic decay: |dx| < 1.5 - 107'% ¢ cm (at 95% confidence level) [124].

Similar measurements might be performed on systems with much longer life-
times, such as meta-stable nuclei, with their 8 decays used for polarization analy-
sis, or even stable nuclei, whose polarization can be probed through the asymme-
try in elastic scattering on targets.

Experiments have been proposed for measuring EDMs of muons at JPARC
and PSI, and of the proton, deuteron and helium ion at COSY and in dedicated
rings: several ideas have been proposed to avoid the effect of the magnetic mo-
ment anomaly, and the goals for sensitivity range from O(107** ¢ cm) for muons
to O(107% e cm) for stable nuclei. An extensive list of references for current and
future EDM experiment can be found in [84].

It might be finally mentioned that even a limit for the (electron anti-)neutrino
EDM was set by analyzing a reactor experiment, on the basis that it would cause
an anomalous ionization in a detector [125]: |d,F| < 2 - 107 e cm, where F
is an (unknown) form factor; if the neutrino is a Majorana particle its electric
(and magnetic) dipole moments are identically zero (but not so the 7-even, P-odd

35



anapole moments).

6 CPT

While all three discrete symmetries C, P, T are definitely violated in Nature, their
combination CPT seems to hold absolutely, and such symmetry appears to be
very deeply rooted in our description of Nature, being valid in the SM and in all
consistent (quantum field) theories under very general (and experimentally ver-
ified) assumptions, according to the CPT theorem. Proofs of such theorem are
based on principles such as Lorentz invariance, locality and positivity of the en-
ergy, although several subtleties exist [126], and the theoretical validity of CPT
symmetry in realistic theories has been questioned [127]. It has been suggested
that the fundamental nature of CPT symmetry might be linked to the equivalence
of the PT reflection of all space-time axes to a rotation, which holds true for an
even number of space-time dimensions, with the addition of C being related to the
Feynman-Stueckelberg interpretation of antiparticles. It is fair to say, however,
that a simple and intuitive understanding of such a fundamental symmetry is still
lacking, and its general validity is of course an issue to be addressed experimen-
tally.

It is generally held that a violation of Lorentz symmetry would entail the vio-
lation of CPT and vice versa [128]], even if this is now understood not to be ab-
solutely true, and the validity of the above two symmetries might be independent
in some modelﬁ [129]. We thus briefly mention that tests of Lorentz symmetry
have been performed (with negative results) on many systems, e.g. by looking
for a preferred direction in space, which would induce a dependence of physical
observables on sidereal time. A comprehensive framework for analyzing limits on
the effective violation of Lorentz symmetry induced by physics at very high mass
scales was developed [130], but a discussion of such tests is outside the scope of
this article.

So far, no hint of violation of CPT symmetry was reported by any experiment,
and some numerically impressive limits have been obtained.

8These are admittedly “exotic”, involving non-commutative geometry of space-time or non-
local interactions, but arguably, when considering such a wild thing as CPT violation, nothing can
be barred.
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6.1 Anti-particle properties

While, strictly speaking, there is no symmetry between particles and anti-particles
due to the lack of exact C symmetry, CPT symmetry itself imposes several con-
straintsﬂ on their properties, some of which have been tested experimentally.

CPT symmetry implies the equality of the (absolute values of) masses, life-
times, charges, magnetic moments, etc. for particles and anti-particles, and many
such comparisons have been performed, with varying degrees of precision, with
no difference being ever measured. The numerical value of some limit on a rela-
tive particle/anti-particle difference cannot be taken as a unique relevant figure of
merit since in general, lacking a model for CPT violation, effects in different sys-
tems cannot be compared. This should be kept in mind when discussing different
results, and should also remind that tests on many different systems are valuable,
irrespective of their relative precision. The most precise direct comparisons are
performed on stable particles.

The spectroscopic measurement of the energy difference between the 23S,
and 135, levels of positronium, using counter-propagating laser beams to re-
duce Doppler broadening, allowed to reach a precision of ~ 2.5 parts per billion
[132], and the agreement with the theoretical calculations constrains the electron-
positron mass difference to be < 8 - 107 m, (at 90% confidence level).

An intense program for testing CPT exploiting anti-protons is being pursued
at the CERN Anti-proton Decelerator, and the capability of forming and manipu-
lating anti-hydrogen (pe*) [133] opened many interesting opportunities.

The lifetime of anti-protonic helium (pHe"), in which an anti-proton replaces
one electron in a highly excited level, is large enough to allow laser spectroscopy:
a measurement of p transition frequencies to a precision of few parts per billion
[134], and the comparison with theory, allowed the ASACUSA experiment to
constrain the proton/anti-proton mass and charge magnitude relative differences to
7-107'° (at 90% confidence level). The 1S-2S transition energy in anti-hydrogen is
now measured to match that of hydrogen at a precision ~ 2 - 1072 by the ALPHA
experiment [[135]], with a steady improvement in the control of systematic effects,
to which long (days) trapping times of individual anti-atoms contribute. Such
results actually used the more precise information on the equality of the proton
and anti-proton charge-to-mass ratios, measured to a precision of 9 - 107! by the
CERN TRAP collaboration [[136] by comparing the cyclotron frequencies of a p
and a H™ ion simultaneously trapped in a Penning trap; such result has since been
improved since by the BASE measurement with a precision of 6.9 - 10~ [137]].

Some of these constraints may survive even in presence of CPT violation, see e.g. [131].
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The comparison of magnetic moments deserves a special mention due to the
remarkable relative precision which can be obtained through frequency measure-
ments: it is now 2.1 - 107!2 for the e*e~ comparison [138]], obtained by comparing
the spin-cyclotron difference frequency to the cyclotron frequency for single elec-
trons and positrons in a Penning trap (so-called “geonium” atoms), and 8 - 1077
for the pp comparison [139].

The masses and lifetimes of long-lived baryons, mesons and hyperons were
also compared to those of the respective anti-particles, with varying levels of pre-
cision O(1073 = 1073) [35]]. The neutral kaon system stands out in this respect, and
is discussed in the following section.

The range of CPT tests based on particle/anti-particle mass differences ex-
tends to the heaviest known elementary particle, the comparison of top and anti-
top quark masses being (m, —m;)/m, = (=0.9 £1.1)- 103, dominated by the CMS
measurement [140]. Tests on nuclear anti-matter have been performed as well,
at the heavy ion colliders RHIC and LHC: the interaction between anti-protons
was shown to be attractive and consistent with that of protons [141], the charge-
to-mass ratio for anti-deuterons and anti-helium-3 were measured to be equal to
those of their matter counterparts to 10~ [142]], the mass difference between the
hypertriton 3 H (pnA bound system) and its anti-matter counterpart was measured
to be consistent with zero to ~ 107 [143]), thus probing the CPT symmetry also
for strange quark nuclear binding.

It should be noted that CPT symmetry imposes the equality of inertial masses
for particles and anti-particles, but has nothing to say about their gravitational
masses, although the (weak) equivalence principle states that these two masses do
coincide. While several arguments have been put forward against the possibility
that anti-matter gravitates differently from matter, direct tests of the equality of
free fall for particles and anti-particles are lacking, and actively pursued. The
gravitational force on an electron on earth can be balanced by an electric field of
magnitude just ~ 6- 107! V/m; even if macroscopic fields were controlled to such
formidable level in a region shielded by conducting material, electric fields due
to microscopic non-uniformities are believed to represent an uneliminable limit,
and experiments are mostly performed on neutral systems such as anti-hydrogen
[144] (although limits on the gravitational-inertial mass difference to 0.13% were
set for relativistic e* circulating in a particle accelerator, thanks to the absence
of anomalous radiative energy losses [145]). So far the best limit indicates that
anti-hydrogen does not fall up with a gravitational mass more than 65 times larger
than its inertial mass (at 95% confidence level) [[146]; results are expected to reach
the interesting range to experimentally test the anti-gravity hypothesis in the next
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years.
Stringent limits were also obtained by the absence of measured effects related

to the time variation of the gravitational potential on the highly sensitive KK
system, ranging from O(10~%) to O(10~'%) depending on the type and range of the
assumed interaction [[147]].

We finally note that CPT symmetry imposes not only the equality of total de-
cay rates, but also that for partial decay rates into sets of states not connected by
re-scattering effects, since any rate difference in such modes cannot be “compen-
sated” by other modes; this can be exploited for kaons, thanks to the small number
of available decay modes, and indeed the equalities of K* — p*v and K* — n*n®
decay rates provide tests of CPT symmetry at the 107> level.

6.2 Indirect tests

If CPT symmetry holds in the K° — K mixing process (and therefore the CP vio-
lation of such process also exhibits a corresponding 7" violation), the phase of the
€ parameter quantifying the CP impurity of the physical states is constrained by
the mass and lifetime differences of the states to be close to arctan(—2Am/AI') =
(43.52 £ 0.05)°. Conversely, if T symmetry holds and CP violation is accompa-
nied by CPT violation, such phase would be shifted by 90° from the above value
(see e.g. [2l]). The phase can be measured by studying the time dependence of the
nr decay rate starting from flavour eigenstates, and its value [33] is (43.5 £ 0.5)°,
fully consistent with CPT symmetry.

The same measurements allow to constrain the presence of CPT violation in
K — nm decays, through the difference in the phases of the CP-violating ampli-
tude ratios for the 7°7° and 77~ channels, which is measured to be (0.34 +0.32)°
[35]], fully consistent with the close-to-zero value (0.006 + 0.008)° expected in
case of CPT symmetry (such phase difference is also expressed as the imaginary
part of the ratio of direct to indirect C P-violating parameters J(€’/€)).

Semi-leptonic K; decays are similarly measured to respect CPT symmetry
to O(1073), and a comparison of the CP-violating charge asymmetry with that
measured in Kg (so far compatible with zero within errors) provides a test of
CPT at a precision of few 107> [148]], expected to slightly improve with the full
analysis of KLOE-2 data. A related clean test of CPT symmetry is obtained by
the comparison of transition rates between flavour and CP eigenstates [149], not
yet measured but accessible to KLOE-2, which might reach ~ 10~ precision on
1t.
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The small number of decay modes available to kaons allows the use of uni-
tarity (‘“Bell-Steinberger”) relations to put limits on CP and CPT violating terms
from the knowledge of the decay widths of the physical states Kg and K;. A

CPT-violating parameter ¢'*|in K° — K mixing is constrained by measurements
and unitarity to be 6 = [(2.4 + 2.3) + i(—0.7 + 1.4)] - 107> [33]], consistent with

zero. A non-zero ¢ would induce a mass and width difference between K° and EO,
and the smallness of the mass difference between the physical states (mg, —mg, =
3.5ueV) turns this into impressive limits on such CPT-violating differences: as-
suming no CPT violation in the decays of neutral kaons (i.e. I'ro = I'z0) one gets
[35]

Imgo — meaolfmgo < 6-107"

(at 90% confidence level), which is by far the most precise test of CPT.

Further indirect limits on the violation of CPT symmetry can be set by con-
sidering that differences between charged particles and their anti-particles would
induce other measurable effects: mass differences would result in a non-zero pho-
ton mass [150], so that the stringent limits on such quantity can be translated into
order of magnitude limits on e.g. the e*e™ mass difference, of (relative) order
10723, much stronger than direct limits. Similarly, any difference in the magnitude
of the charge for e* and e~ would result in the non-neutrality of matter due to
the polarization of the vacuum in the electric field inside atoms: the limit on the
neutrality of atoms was translated into a limit |Q(e*) + Q(e7)|/le| < 2- 10713 [151]],
ten orders of magnitude stronger than the direct limits obtained by comparing the
e and e~ cyclotron frequencies.

6.3 Tests with neutrinos

Any difference in masses or mixing angles between neutrinos and anti-neutrinos
would be a sign of CPT violation, which was proposed (and later dismissed) as
a possible interpretation of inconsistencies among neutrino experiments [[152]. In
the analysis of oscillations, spurious environmental C PT asymmetries due to the
propagation through matter must be taken into account, although in the experi-
ments discussed below such effects are quite negligible.

By comparing the squared mass difference for MeV-energy solar and reactor
neutrino data (sources of v, and v,, respectively), interpreted in terms of two-
flavour oscillations, the limit |Am3,(v) — Am?,(¥)| < 1.1 - 107 eV? was obtained
[153]], dominated by the uncertainty in the solar neutrino data.

10No relation to the phase in the CKM matrix for which the same symbol is used.
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The MINOS collaboration reported a combined study of v, v, disappearance
for GeV-energy accelerator neutrinos and O(1 — 10* GeV) atmospheric neutrinos,
exploiting the magnetic detector which can distinguish v and v on an event-by-
event basis. From the analysis of the full data set of the experiment (1.4 - 10*!
POT, 735 km away, and 38 kton year mass exposure) [154] Am3,(v) — Am3,(V) =
(—1.23%) - 107* eV? is quoted, with consistency between accelerator and atmo-
spheric data.

The T2K experiment also reported [155]] results for accelerator neutrinos and
anti-neutrinos squared mass differences consistent with the above. While at-
mospheric neutrinos and anti-neutrinos cannot be individually distinguished by
Super-Kamiokande, their differences in flux and interaction cross section allow
extracting information on CPT symmetry from the v,, v, disappearance proba-
bility distributions as a function of zenith angle; the analysis of about half the
currently available data was found to be fully consistent with CPT symmetry
[156]].

In general, CPT limits on the differences of neutrino and anti-neutrino mixing
angles are numerically weak compared to those on squared mass differences, e.g.
sin®(26), — sin*(26); = 0.02 + 0.09 is reported by MINOS [154].

It is worth noting that differences between the gravitational behavior of neu-
trino and anti-neutrino were constrained to be below 107 by the observed arrival
time dispersion O(12s) of the 19 v, and v, interaction events detected after the
collapse of supernova SN 1987A [[157].

7 The universe at large

When dealing with very large scales, gravity cannot be ignored any longer, and
rather becomes the dominant interaction, in a way which we have very little expe-
rience of, and which we cannot study using the (Galilean) experimental method,
since we cannot perform controlled experiments. Considering moreover the fact
that we currently lack any microscopic description of gravity, it should be clear
that the study of discrete symmetries in such an environment is at best shaky
ground (see e.g. [158]]). After such a mandatory disclaimer, we can state with
some light-heartedness that deep connections between discrete symmetries and
our description of the evolution of the universe are known, and very briefly men-
tion some cosmological observations related to discrete symmetries.
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7.1 Parity in space

A peculiar observation is that the handedness of spiral galaxies appears to be non-
uniformly distributed, i.e. the number of galaxies observed to be rotating clock-
wise or anti-clockwise is different in a statistically significant way [159]. An
automated analysis of more than 10° spiral galaxies, performed with attention to
avoiding possible biases, shows that the local universe (redshift z < 0.3) does
not appear to be isotropic in terms of spiral galaxy handedness, with asymmetries
depending on the right ascension coordinate, and a probability of occurring by
chance of ~ 6 - 107 [160]; the distribution is consistent with the presence of a
dipole axis direction, suggesting an apparent large-scale violation of parity.

7.2 Charge conjugation in space

It is a fact that anti-matter is not found in the visible universe, except for that
which is produced in high-energy collisions between matter particles [[161], [162].
A long-standing experimental program is being pursued to search for primordial
anti-particles; while anti-protons and positrons are easily produced in high-energy
interactions of matter, and hints of some of those being of primary origin require
the assessment of excesses with respect to predictive models [163], the detec-
tion of heavier anti-nuclei would most likely indicate primordial anti-matter (or
dark matter production mechanisms). Anti-matter nuclei up to anti-helium-4 have
been produced in the laboratory using heavy ion collisions [164]; the measured
exponential decrease of the anti-nuclei production yields with increasing num-
ber of anti-nucleons, O(10~%) per anti-nucleon, consistent with thermodynamic
expectations, indicates that anti-lithium-6 is out of reach of present accelerator
technology.

The AMS-02 detector on the International Space Station might have detected
a handful of anti-helium events [165]], but with a signal to background O(10~°)
any claim requires a thorough study of instrumental effects, that the collaboration
is pursuing.

Indirect constraints based on the intensity of the cosmic diffuse y-ray back-
ground put limits on the size of a possible domain structure of the universe in
which some regions are dominated by matter and others by anti-matter: the mini-
mum size of such domains, should they exist, is comparable to that of the observ-
able universe [166].

The universe is thus very strongly dominated by matter, with the value of the
Baryon Asymmetry of the Universe (BAU) n = (ng — ng)/(ng + ng) (ng, ng being
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the densities of baryons and anti-baryons) determined to be ~ 107!'°, both by the
abundance of light elements in the intergalactic medium and the power spectrum
of the temperature fluctuations of the Cosmic Microwave Background (CMB).
A large lepton asymmetry might be hidden in the cosmic neutrino backgrounds,
but information is very rough in this case, and asymmetries up to 50% cannot be
excluded.

The present state of the universe appears to be dramatically charge asymmet-
ric.

7.3 CP and baryogenesis

The idea that a BAU is built in our universe as an asymmetric initial condition
might not be aesthetically appealing: while this is not a scientific criterion for
dismissing it, nowadays a more solid one is commonly accepted, namely the fact
that inflation would wash out any initial net baryon number (although this is not
a completely closed issue, see e.g. [167]). If such widely accepted scenario is
true, the observed BAU must then arise dynamically during the evolution of the
universe, starting from an effective zero net baryon number.

The seminal paper by Sakharov [168] elucidated the necessary conditions
which must be simultaneously satisfied for this to happen, namely (i) baryon num-
ber non-conservation, (ii) C and CP violation, and (iii) departure from thermal
equilibrium. The need for the above conditions can be readily understood in that
(1) 1s clearly needed to change the net baryon number, (ii) is required to avoid
that baryons and anti-baryons are created in the same amounts, and (iii) to en-
sure that the inverse processes do not cancel any generated baryon asymmetry.
While it is true that baryogenesis models have being conceived in which any one
of the Sakharov conditions can be dispensed for, CP violation remains a “natural”
ingredient in almost all viable mechanisms for generating a BAUE}

The Standard Model might arguably include all three Sakharov ingredients.
While baryon number (just as lepton flavour number) is accidentally conserved
and cannot be violated perturbatively in the SM, non-perturbative (sphaleron-
induced) reactions [169]] can become relevant at high energies (temperatures) and
induce effective baryon number non-conservation (while conserving the differ-
ence of baryon and lepton numbers). Non-equilibrium might be provided in the

ITA statement whose relevance can be questionable, since assigning “probabilities” to cosmo-
logical models is at best a shaky concept, if not complete nonsense. But let’s pretend to be prag-
matic working physicists.
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SM through a strong-enough electroweak phase transition (occurring when the
temperature of the universe was O(150 GeV), i.e. ~ 107!2 s after the Big Bang),
and of course weak interactions include C and CP violation. It is generally agreed,
however, that the tiny magnitude of CP violation in the SM (as expressed by the
measure J, see section 4)) and the strength of the electroweak phase transition are
not sufficient [[170] to explain the measured BAU using the above ingredientsfz]
In this sense one might say that our own existence is indeed the first evidence for
physics beyond the SM (and a CP-violating one, for that!).

As noted above, physicists are clever at discovering theorems but also at find-
ing counterexamples, so some remarks are due on the loopholes of the above state-
ments. The requirement of thermal non-equilibrium for dynamical BAU genera-
tion is actually related to CPT symmetry [171]. It was noted [[172] however that,
without introducing any explicit violation of such a “sacred” symmetry, a slowly-
varying cosmological field (e.g. related to dark energy or to curvature) introduces
an alternative “arrow of time” with respect to the thermodynamic one. This rep-
resents an effective spontaneous violation of Lorentz invariance, and therefore
of CPT symmetry, thus allowing BAU generation even in thermal equilibrium
(“spontaneous baryogenesis”). It was also speculated that the CPT symmetry of
the expanding universe as a whole could be recovered if before the Big Bang the
universe was the C PT-symmetric version of our own, which can be interpreted as
a universe/anti-universe pair emerging from nothing [173]].

An important class of models for the generation of the BAU is the one which
relies on the presence of new heavy fermions or scalars, often introduced to ex-
plain the existence of non-zero (but small) neutrino masses (a solid indication of
physics beyond the SM). The lepton-number violating (and C P-violating) interac-
tions of such particles, whose decays get out of equilibrium when the temperature
of the universe drops below their mass, naturally generate a leptonic asymmetry;
such leptogenesis [[174] then generates a BAU through the non-perturbative SM
reactions mentioned above, which convert the leptonic asymmetry into a baryonic
asymmetry.

7.4 CPT in space

The expanding universe is intrinsically time asymmetric, arguably providing a nat-
ural frame in which Lorentz and CPT symmetries might be broken. Speculations
about a possible CPT violation at the cosmological scale have been put forward,

12 Although this one too is not an inescapable conclusion in all models.
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e.g. concerning the new physics which should be responsible for the assumed
mechanism of inflation. One possible consequence of such violation is cosmo-
logical birefringence [173], i.e. the rotation of the polarization plane of electro-
magnetic waves during their propagation, due to the different velocity of circularly
polarized modes of opposite handedness. Such an effect might be observable by
considering radiation from distant radio-galaxies, which often exhibit an extended
spatial structure correlating to the polarization of the emitted radiation. Another
signature for such effects arises from the study of the CMB polarization. This can
be decomposed in terms of two types of modes: the parity-even “E” modes and
the (so far undetected) parity-odd “B” modes; any cross-correlation between the
two, or between a “B” mode and the CMB temperature, would be a signature of
parity violation [176]]. It was remarked that, while the above effects are usually
considered as constraining CPT symmetry, the possibility that they arise from
CPT-conserving (P, C-violating) interactions is not excluded [[177]

No significant indications for such effects have been obtained so far by ground-
based, balloon or satellite experiments, but this is a very active field of study (see
e.g. [178]).

8 Coda

The emergence of symmetry as a guiding principle for understanding Nature is
a conquest of reason, which allowed us to see beyond the apparent disorder and
gross asymmetries of the world around us. The realization that many such sym-
metries are actually only imperfect ones was instead forced upon us by the deeper
and precise experimental investigation of minute effects and processes, with little
or no speculative input. This state of affairs turned out to be extremely fruitful in
shaping the paradigm through which we currently (believe we can) interpret the
physical world, as well as in bringing up ideas on what we know that we do not
know.

The experimental program of searching for effects violating the approximate
symmetries of Nature has been going on for more than sixty years, with ever
growing momentum, and shows no sign of slowing down: an indication of the
fact that it is a promising approach to gather information about the way our uni-
verse works. This appears to be particularly true in present times, when the direct
discovery of new fundamental constituents of the world is slow to come, and con-
versely theoretical speculations are wild, due to the vast range of possibilities.
More and more different systems are being investigated with increasing ingenuity
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and precision, and new facilities and experiments are being deployed, which have
as central goals the study of the asymmetries of Nature.

If the twentieth century had many reasons to be deemed “the century of sym-
metries” [179]], from such perspective it seems to us that the progress of physics in
the twenty-first will still be strongly shaped by the investigation of such concept.
If this is true, we can be assured that experimental results will be the keystones
for securing such process.
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